
United States Patent (19) 
Harter et al. 

USOO6034975A 

11 Patent Number: 6,034,975 
(45) Date of Patent: Mar. 7, 2000 

54 

(75) 

HIGH POWER, PASSIVELY MODELOCKED 
FIBER LASER, AND METHOD OF 
CONSTRUCTION 

Inventors: Donald J. Harter; Martin E. 
Fermann; Min Jiang, all of Ann Arbor, 
Mich. 

Assignee: Imra America, Inc., Ann Arbor, Mich. 

Appl. No.: 09/040,252 

Filed: Mar. 9, 1998 

Int. Cl. .................................................... H01S 3/098 
U.S. Cl. ................................... 372/18; 372/6; 372/27; 

372/92 
Field of Search .................................... 372/18, 6, 27, 

372/92 

References Cited 

U.S. PATENT DOCUMENTS 

3,409,843 11/1968 Bowness. 
3,584,312 6/1971 StatZ .......................................... 372/92 
3,729,690 4/1973 Snitzer. 
3,801,931 4/1974 Heflinger et al.. 
3,928,818 12/1975 White. 
3,978,429 8/1976 Ippen et al. ............................... 372/18 
4,864,577 9/1989 Aoshima et al.. 
5,005,175 4/1991. Desurvire et al.. 
5,008,887 4/1991 Kafka et al. ................................ 372/6 
5,050,183 9/1991 Duling, III .................................. 372/6 
5,136,598 8/1992 Weller et al.. 
5,163,059 11/1992 Negus et al. .............................. 272/18 
5,189.676 2/1993 Wysocki et al.. 
5,222,089 6/1993 Huber .......................................... 372/6 
5,272,560 12/1993 Baney et al.. 
5,303,314 4/1994 Duling, III et al.. 
5,311,603 5/1994 Fidric. 
5,361,161 11/1994 Baney et al.. 
5,436,925 7/1995 Lin et al. .................................. 372/92 
5,448,579 9/1995 Chang et al. ..... ... 372/18 
5,450,427 9/1995 Ferman et al..... ... 372/6 
5,513,194 4/1996 Tamura et al..... ... 372/6 
5,617,434 4/1997 Tamura et al. ............................ 372/18 
5,689,519 11/1997 Fermann et al... ... 372/18 
5,995,175 4/1991. Desurvire et al. .......................... 372/6 

2 2 Aa 

| O Sct/ 
42 46 fa fa 

OTHER PUBLICATIONS 

Snitzer, “Proposed Fiber Cavities for Optical Masers”, Jour 
nal of Applied Physics, vol. 23, No. 1, Jan. 1960, pp. 36-37. 
Koester, et al., “Amplification in a Fiber Laser”, Applied 
Optics, vol. 3, No. 10, Oct. 1963, pp. 1182-1186. 
Manni, “Two-Photon Exitation Expands the Cabibilities of 
Laser-Scanning MicroScopy, Biophotonics International, 
Jan./Feb. 1996, pp. 44–48, 50 and 52. 
Krasinski, et al., “Multipass Amplifiers Using Optical Cir 
culators', IEEE Journal of Quantum Electronics, vol. 26, 
No. 5, May 1990, pp. 950-958. 
Tamura, et al., "Unidirectional ring resonators for Self-start 
ing passively mode-locked lasers', Optics Letters, Vol. 18, 
No. 3, Feb. 1, 1993, pp. 220-222. 
Ober, et al., “42-fs pulse generation from a mode-locked 
fiber laser started with a moving mirror, Optics Letters, vol. 
18, No. 5, Mar. 1, 1993, pp. 367–369. 
Hofer, et al., “Mode locking with cross-phrase and self 
phrase modulation, Optics Letters, vol. 16, No. 7, Apr. 1, 
1991, pp. 502-504. 
Hofer, et al., “Characterization of Ultrashort Pulse Forma 
tion in Passively Mode-Locked Fiber Lasers”, IEEE Journal 
of Quantum Electronics, vol. 28, No. 3, Mar. 1992, pp. 
720-728. 
Ippen, et al., “Additive pulse mode locking, Optical Society 
of America, vol. 6, No. 9, Sep. 1989, pp. 1736–1745. 

(List continued on next page.) 
Primary Examiner Leon Scott, Jr. 
Attorney, Agent, or Firm-Knobbe, Martens, Olson & Bear, 
LLP 

57 ABSTRACT 

The output power of a passively modelocked fiber laser is 
increased by distributing optical losses throughout the cav 
ity. The laser cavity includes a Saturable absorber and a 
polarizing element that Serves as the output coupler, and 
these are positioned on opposite Sides of the fiber gain 
medium. The pump light is preferably injected towards the 
side of the laser cavity that includes the Saturable absorber. 
The laser cavity compensates for polarization drifts and is 
environmentally stable. 
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HIGH POWER, PASSIVELY MODELOCKED 
FIBER LASER, AND METHOD OF 

CONSTRUCTION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to an apparatus 

and method for generating short pulses of laser energy and, 
more particularly, to passively modelocked laserS for pro 
Viding short pulses with enhanced power. 

2. Description of the Related Art 
Both actively and passively modelocked lasers are useful 

as short pulse Sources, and frequently employ Single-mode 
rare-earth doped fibers as the lasing material. To be reliable 
and therefore commercially practical, a fiber-based short 
pulse Source must be environmentally stable, i.e. it should be 
Substantially immune to environmental influences Such as 
temperature drift and variations in pressure. Unfortunately, 
conventional fiber-based short pulse Sources are Susceptible 
to both temperature and pressure variations and require 
constant monitoring to maintain pulse generation. 

The Simplest methods for generating Short laser pulses 
involve passive modelocking. (See, for example, U.S. Pat. 
No. 5,689,519 to Fermann et al. and U.S. Pat. No. 5,448,579 
to Chang et al.) The three most common passive modelock 
ing techniques involve either a Saturable absorber inside the 
cavity, nonlinear polarization evolution, or a combination of 
both nonlinear polarization evolution and a Saturable 
absorber. AS discussed by Fermann et al., the exploitation of 
nonlinear polarization also favors the production of the 
Shortest possible pulses. Environmentally-stable cavities 
that comprise a Saturable absorber are most conveniently 
constructed in a Fabry-Perot cavity. 

Passive modelocking techniques based upon Saturable 
absorbers are the most promising and permit the construc 
tion of relatively simple and reliable cavities. Fiber lasers 
that use saturable absorbers have been described by Loh et 
al. (“All-Solid-state Subpicosecond passively mode locked 
erbium-doped fiber laser”, Appl. Phys. Lett., vol. 63, pp. 
4-6, 1993), Barnett et al. (“High-power erbium-doped fiber 
laser mode locked by a semiconductor Saturable material') 
and Reddy et al. (“A turnkey 1.5 micron picosecond Er/Yb 
laser'). However, these designs Suffer from polarization 
instabilities. 

Another shortcoming with current modelocked designs is 
the inefficiency with which power is coupled out of the 
cavity. For example Barnett et al., Reddy et al., and Loh et 
al. describe systems in which the 4% reflecting end of an 
uncoated fiber is used as the output coupler. While this 
Simplifies the cavity design, it does not optimize the laser 
performance with respect to Stability and output power. 
Further, in Tamura et al. (U.S. Pat. No. 5,513,194), a design 
for optimizing the output power is described, but this design 
is not environmentally Stable and does not include a Satu 
rable absorber. 

In general, one shortcoming in the prior art is that output 
power is not optimized with respect to the pump power. 
However, to minimize the cost of a passively modelocked 
fiber laser, the output power of the fiber laser with respect to 
available pump power should be maximized, since the pump 
laser is often the most expensive component in a fiber laser 
System. 

Thus, there remains a need for a mode-locked laser device 
that is environmentally stable, free of polarization 
instabilities, and energy efficient, thus giving enhanced 
power. 
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2 
SUMMARY OF THE INVENTION 

In one embodiment of the invention, a Fabry-Perot cavity 
for modelocking is disclosed in which a Saturable absorber 
and an output coupler are located at opposite ends of the 
laser cavity, and further, pump light is injected in the cavity 
towards the Saturable absorber. With this arrangement, opti 
cal loSS is distributed in the cavity in a way that enhances the 
outcoupled power. The laser cavity preferably also contains 
two Faraday rotators to compensate for polarization drifts in 
the cavity, as well as waveplates and a polarizer which 
together control the output coupling by varying the polar 
ization of the light within the cavity. The output from the 
cavity is the light which reflects off of the polarizer, which 
has a well-defined, time-invariant output polarization. 

In an exemplary embodiment, a passively modelocked 
erbium fiber laser is constructed from negative-dispersion 
fiber (Soliton-Supporting fiber). Using a pump power of 100 
mW at a wavelength of 980 nm, 300-600 fsec near 
bandwidth-limited pulses with an average power of 15 mW 
are obtained at a repetition rate of 50 MHz. 
One advantage of the modelocked laser cavity disclosed 

herein is that it is environmentally stable. Another advantage 
of the modelocked laser cavity is that it is insensitive to 
polarization effects. Yet another advantage is that it provides 
more output power for a given pump power. 
One preferred embodiment of the invention is a method of 

producing modelocked laser output from an optical cavity 
having a gain medium, in which the method comprises 
amplifying an optical Signal in the gain medium to produce 
an amplified optical Signal, directing the amplified optical 
Signal through a Saturable absorber to produce a modelocked 
optical Signal, amplifying the modelocked optical Signal in 
the gain medium to produce an amplified modelocked 
optical signal, and outcoupling a fraction of the amplified 
modelocked optical Signal with a polarizing element. 

Another preferred embodiment of the invention is an 
optical cavity for a short pulse modelocked fiber laser, in 
which the cavity comprises first and Second reflectors which 
are each at least partially reflecting and respectively define 
first and second ends of the cavity. The cavity further 
comprises a fiber including again medium disposed between 
the first and Second cavity ends, as well as a pump signal 
injector connected to introduce pump light into the fiber 
toward the first cavity end, in which the pump light excites 
the gain medium to produce a laser Signal. The cavity also 
comprises a Saturable absorber proximate the first cavity end 
for inducing modelocking of the laser Signal, and an output 
coupler proximate the Second cavity end for outcoupling a 
portion of the laser Signal in the form of short output pulses. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a preferred embodiment of the present invention, 
in which a laser cavity includes a Saturable absorber and an 
output coupler located on opposite sides of a fiber gain 
medium. 

FIG. 2 shows experimental data that demonstrate that the 
configuration of FIG. 1 results in enhanced laser output 
power. 

FIG.3a shows a test setup that was used to collect the data 
of FIG. 2, this test Setup being designed to determine the 
performance of the laser cavity of FIG. 1. 

FIGS. 3b and 3c show test setups designed to determine 
the performance of laser cavities in the prior art. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

A preferred embodiment of the invention is shown in FIG. 
1, which includes a fiber gain medium 10 Such as a 1.5 m 
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length of Er-doped optical amplifier fiber. In one preferred 
embodiment, the fiber 10 has a cut-off wavelength of 1400 
nm, a numerical aperture NA=0.16, and a dispersion of 
s-20.000 fsec/m. The half-width diameter of the fiber 
mode intensity is estimated as ss um. The fiber 10 is doped 
with s1000 parts per million (mole ppm) erbium and has an 
absorption of about 35 dB/m at the peak erbium absorption 
wavelength of 1530 nm. Although the present invention is 
described herein principally with respect to erbium, other 
rare-earth-elements (e.g., ytterbium) can be used as dopants. 
Pump light 14 (preferably from a laser source, which is 

not shown in the figures) with a wavelength near 980 nm is 
preferably directed into the erbium fiber 10 via a pump 
Signal injector 18 (connected to the fiber), Such as a 
wavelength-division multiplexer (WDM), as shown in the 
exemplary cavity 20 of FIG.1. The pump light 14 optically 
excites erbium atoms in the fiber 10. However, other tech 
niques can be used to pump a fiber laser, e.g., high power 
fiber lasers can be constructed by employing double-clad 
fibers pumped by high-power diode lasers. A polarizing 
element 22 Such as a polarizing beam-splitter cube or 
polarization beam splitter Serves as the output coupler for a 
short pulse modelocked fiber laser signal 16, 16' (in which 
16 and 16" designate the leftward travelling and rightward 
travelling portions of the laser signal, respectively), and the 
respective orientations of two waveplates 26 control the 
polarization evolution inside the cavity 20 and thus the level 
of output coupling. The laser Signal 16, 16' results from 
stimulated emission of excited erbium. Two Faraday rotators 
30 within the cavity 20 (i.e., proximate the ends of the 
cavity), which are preferably located on opposite sides of the 
fiber 10, compensate for polarization drifts inside the cavity. 
When the pump light 14 is injected into the cavity 20, it 

propagates towards a Saturable absorber 34, which may have 
a round trip unsaturated loss of about 50%. The saturable 
absorber 34 is preferably InGaAsP attached to (i.e., disposed 
directly on) a reflector Such as a totally reflecting mirror 42, 
which together with a second highly reflecting mirror 38 (or 
reflector) defines the extent of (i.e., the ends of) the optical 
cavity 20. The saturable absorber 34 induces modelocking of 
the laser signal 16, 16' and preferably has a bandedge of 1.55 
tim, a carrier life-time of 5 pSec, and a Saturation energy 
density of 1 Watt/mi. However, other saturable absorbers 
with appropriate carrier-life-times, Saturation energies and 
band-edges may be used, as is known in the art. 

Afocusing lens 46 (between the saturable absorber 34 and 
the fiber 10) preferably yields a spot diameter of about 10 
tim on the Saturable absorber, So that the corresponding 
saturation energy of the absorber is about 80 pJ, which is 
typically lower than the intra-cavity energy of the circulating 
pulses inside the cavity 20. Other focusing lenses 46 in the 
cavity 20 aid in better imaging the laser signal 16, 16" onto 
the fiber 10. The total intra-cavity fiber length within the 
cavity 20 is preferably 2 m, and the signal laser preferably 
operates at a repetition rate of 50 MHz. The average pump 
laser power is preferably 100 mW and, in this embodiment, 
results in a laser Signal output power from the cavity 20 of 
approximately 15 mW. The resulting modelocked pulses are 
near bandwidth-limited with a pulse width ranging from 
300-600 fsec depending on the exact settings of the polar 
ization controlling elements and the degree of output cou 
pling. 
To maximize the output power of a passively modelocked 

laser in the presence of a Saturable absorber, two conditions 
must be fulfilled: 

1) the signal Saturation power (defined herein as the 
output power of the amplifier when its Small signal gain 
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4 
is down by 3 dB from its maximum) should be maxi 
mized at the output coupler, and 

2) the intensity on the saturable absorber should be 
maximized, i.e. the Saturable absorber should be as 
Saturated as possible. 

Condition 1) is ensured for a three-level laser system by 
maximizing the pump laser power in front of the output 
coupler, whereas condition 2) is ensured (for any laser 
System) by maximizing the signal intensity in front of the 
Saturable absorber. 

Since an erbium amplifier can be approximated as a 
three-level laser System (see, for example, DeSurvire et al., 
"High-gain erbium-doped traveling-wave fiber amplifier, 
Optics Letters, vol. 12, pp. 888–890, 1987), the power of the 
laser signal 16, 16" that saturates the erbium amplifier fiber 
10 is proportional to the pump power. Thus, to generate the 
maximum laser Signal power, the direction of the pump light 
in the cavity 20 is chosen to be contra-directional to the 
propagation direction of that portion 16' of the laser Signal 
propagating towards the output coupler 22, i.e. the pump 
light is injected towards an end of the cavity but away from 
the output coupler 22. 
More specifically, in the Fabry-Perot cavity 20 of FIG. 1, 

Some of the laser Signal 16' is coupled out (indicated by the 
arrow 50) at the polarizing element 22, and a fraction is 
re-directed towards the erbium-doped fiber 10 upon reflec 
tion at the mirror 38, propagating past the WDM 18 towards 
the Saturable absorber 34 along a first leg of propagation 
(i.e., from right to left in FIG. 1). After reflecting off of the 
mirror 34, the laser Signal 16' propagates along a Second, 
return leg (left to right) through the fiber 10 towards the 
output coupler 22. The direction of propagation of the pump 
light 14 is the same as that of the laser signal 16 in the 
right-to-left leg. However, the pump light 14 is contra 
directional to the laser Signal 16' in the Second leg. For 
maximum output power from the laser Signal 16', the cavity 
loSS due to output coupling should be higher than the loSS 
due to the Saturable absorber 34, and in this embodiment, the 
laser Signal intensity is higher in the Second leg of propa 
gation. 

Condition 2) is satisfied by the embodiment of FIG. 1 
Since the loSS C. of a Saturable absorber decreases with light 
intensity I, in accordance with the formula 

where I is the Saturation intensity of the absorber. Thus, 
the higher the intensity in front of the Saturable absorber 34, 
the lower is the round trip cavity loss, meaning that more 
power can be extracted from the cavity. 

FIG. 3a illustrates a test setup on which the embodiment 
of FIG. 1 is altered to include a pellicle beamsplitter 64a to 
test the power level at the Saturable absorber 34a. In 
addition, mirror 38 is replaced with a partially transmitting 
mirror 38a, so that the intracavity power at the other end of 
the cavity can also be monitored. The results indicated in 
FIG. 2 were obtained with the test setup of FIG. 3a and 
illustrate the relevance of condition 2) to cavity perfor 

CC. 

In FIGS. 3a, 3b, and 3c, parts analogous to those in FIG. 
1 are designated with like numerals followed by the letters 
a, b, and c, respectively. The intra-cavity polarizing element 
22a Served as the output coupler, with the amount of output 
coupling being varied by adjusting the polarization of the 
laser signal 16a, 16a' inside the cavity 20a with the wave 
plates 26a. In these cavity characterization Studies, a pump 
light power of about 60 mW was used. 
The pellicle beamsplitter 64a near the saturable absorber 

34a permits the intensity of the laser Signal 16a Striking the 
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saturable absorber to be monitored. The beamsplitter 64a 
preferably has a reflectivity of about 1%. The power of the 
laser Signal 16a in the cavity at this point (designated as P. 
in FIG. 2) can be determined by measuring the power 
outcoupled from the cavity 20a by the pellicle beamsplitter 
64a (this outcoupled power is indicated in FIG. 3a by the 
arrow 68a) and correcting for the fraction which is out 
coupled. Likewise, at the opposite end of the cavity 20a, the 
power of the laser signal 16a' reflected off of the mirror 38a 
and directed back into the fiber 10a is monitored by record 
ing the laser Signal power that leaks through the mirror 38a 
(this outcoupled power is indicated by the arrow 72a) and 
correcting for the reflectivity of the mirror 38a (about 99% 
at the wavelength of interest). The power of the laser signal 
16a within the cavity 20a at mirror 38a (which upon 
reflection reenters the fiber 10a) is designated as Pin FIG. 
2. Also, the power of the laser Signal 16a' outcoupled by the 
polarizing cube 22a is designated by P and is indicated by 
the arrow 50a. Thus, the sum of P and P is the total 
power of the intra-cavity laser Signal 16a' generated just 
before output coupling at the polarizer 22a, and this Sum is 
designated P in FIG. 2. 

The data of FIG. 2 were recorded by varying the output 
coupling fraction while monitoring P. P., and P. In 
FIG. 2, P., P., and P (P=P+P.) are plotted against 
P. P. is maximized when P is minimized, and 
conversely, when P, is minimized, P, is maximized. P. 
is constant at about 10.5 mW (here the pump laser power 
was about 60 mW) and does not depend on the amount of 
output coupling, indicating that the fiber laser 10a is heavily 
Saturated. Also, when the output coupling is low (i.e. when 
P is Small), P is nearly equal to P, which is expected 
Since little laser Signal power is lost at the polarizer 22a. The 
most significant aspect of FIG. 2 is that when P is at a 
maximum, then P (-4.5 mW) is higher than P (-2.5 
mW). Therefore, to optimize the power at the saturable 
absorber 34a, the saturable absorber and the output coupler 
22a must be located at opposite ends of the cavity 20a. 

Thus, the optical cavity 20 of FIG. 1 can be viewed from 
the Standpoint of optical loSS, in which the Saturable 
absorber 34 removes (absorbs) a first percentage of light 
proximal to one end of the cavity to modelock the laser 
Signal 16, 16', and the output coupler 22 polarizes and 
removes (outcouples) a second percentage of light proximal 
to or on the other end of the cavity, the first percentage being 
less than the Second percentage. More Specifically, the first 
percentage is between 10 and 60 percent, and the Second 
percentage is above 60 percent. Further, distributing the 
optical loSS throughout the cavity 20 in this manner does not 
Substantially increase the pulse width of pulses from the 
modelocked laser signal 16, 16'. 
To further illustrate the significance of condition 2) and 

the advantages of the invention disclosed herein, it is useful 
to consider the two cavity designs in the prior art illustrated 
in FIGS. 3b and 3c, which are seen to be non-ideal. In each 
of FIGS. 3a, 3b, and 3c, various possible locations of the 
Saturable absorber and the output coupler are illustrated. In 
all cases contra-directional pumping is used. In FIGS. 3b 
and 3c, parts analogous to those in FIG. 3a are designated 
with like numerals followed by the letters b and c, respec 
tively. 

In FIG. 3b, the output coupler 22b and the saturable 
absorber 34b are located at the same end of the cavity 20b, 
with the output power being extracted in front of the 
saturable absorber 34b. This reduces the power on the 
Saturable absorber 34b and, as a result, produces less output 
power, since the power striking the saturable absorber 34b is 
inadequate for efficient modelocking. 
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6 
In an experimental implementation of FIG. 3b using 

cavity components like those for FIG. 3a, cavity 20b pro 
duced a power level of only 10 mW for a pump laser power 
of 100 mW, compared to the 15 mW (50% more power) 
obtained for the embodiment of FIG. 3a. The poorer per 
formance of FIG.3b can be explained as follows. In general, 
when an erbium fiber laser is heavily Saturated, the amplifier 
gain is Saturated after making just one pass through the fiber. 
Hence, the power at the output coupler is only weakly 
dependent on the loss of the saturable absorber, provided 
that there is sufficient power striking the saturable absorber 
to modelock the laser. Moreover, the Signal power is maxi 
mized at the output coupler 22b and is higher than the Signal 
power at the opposite end of the cavity 20b. Thus, position 
ing the Saturable absorber 34b at the output coupler end 
leads to higher Signal power loSS than when the Saturable 
absorber 34b and the output coupler 22b are located on 
opposite ends of the cavity 20b. 

Moreover, from laser Stability considerations, a certain 
minimum Signal level is required on the Saturable absorber. 
If the Saturable absorber and the output coupler are at 
opposite ends of the cavity, the intensity on the absorber is 
maximized. In the embodiment of FIG. 3b, however, the 
Signal intensity on the Saturable absorber 34b is reduced, and 
thus the output coupling fraction must be reduced, which 
explains the lower output power of FIG. 3b. 

In the cavity configuration of FIG. 3c, the output coupler 
22c and the Saturable absorber 34c are also located at the 
same end of the cavity 20c, but in this configuration the 
output 50c is taken after the laser signal 16c is reflected from 
the saturable absorber 34c. Although the power of the laser 
Signal 16c' impinging on the Saturable absorber 34c is 
maximized in this case, the available output power is 
reduced because of the high loss of the saturable absorber 
34c. Since a Saturable absorber always contains Some non 
Saturable loSS, it is clearly advantageous to extract power 
from a laser cavity before it passes through and is partially 
absorbed by the Saturable absorber. In an implementation of 
FIG. 3c, cavity 20c produced a maximum cw power level of 
10 mW (for a laser pump power of 100 mW), similar to the 
performance of its counterpart of FIG. 3b. 
The available output power may be affected by factors 

other than from which direction the pump light is injected, 
and the respective locations of the Saturable absorber and the 
output coupler. For example, nonlinear polarization evolu 
tion can also affect the available output power. However, the 
cavity design of FIG. 1 is advantageous in the presence of 
nonlinear polarization evolution, Since it minimizes the loSS 
of the cavity 20 and maximizes the output power. Also, the 
available output power is affected by fiber absorption, the 
fiber length, and the nonlinearity of the cavity, i.e. by the 
nonlinear phase delay of the pulses inside the cavity. A 
typical value for a maximum permissible nonlinear phase 
delay is about 1-2t. If nonlinear considerations limit the 
output power, the intra-cavity pulse width can be increased, 
or fibers with a larger core area can be used to minimize the 
nonlinearity of the fiber. 

In addition, chirped pulses can be made to oscillate within 
the laser cavity, thereby alleviating problems with Self-phase 
modulation. Chirped pulses have a much longer pulse width 
compared to unchirped pulses and thus See a lower nonlinear 
phase delay. Chirped pulses can, for example, be generated 
by arranging the fibers inside the cavity to have overall 
positive dispersion. 

Alternatively, the fiber length can be reduced so that the 
fiber laser operates at a higher repetition rate. However, to 
ensure energy conversion from the pump laser to the fiber 
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laser, the fiber length should be long enough to absorb most 
of the pump power. 

It should be understood that the scope of the present 
invention is not to be limited by the illustrations or the 
foregoing description thereof, but rather by the appended 
claims, and certain variations and modifications of this 
invention will Suggest themselves to one of ordinary skill in 
the art. 
What is claimed is: 
1. An optical cavity for a short pulse modelocked fiber 

laser, comprising: 
first and Second reflectors which are each at least partially 

reflecting, respectively defining first and Second ends of 
Said cavity; 

a fiber including a gain medium disposed between said 
first and Second cavity ends, 

a pump signal injector connected to introduce pump light 
into Said fiber toward Said first cavity end, Said pump 
light exciting Said gain medium to produce a laser 
Signal; 

a Saturable absorber proximate Said first cavity end, Said 
Saturable absorber inducing modelocking of Said laser 
Signal; and 

an output coupler proximate Said Second cavity end and 
outcoupling a portion of Said laser Signal in the form of 
short output pulses. 

2. The optical cavity of claim 1, in which said output 
coupler comprises a polarizing element. 

3. The optical cavity of claim 1, further comprising first 
and Second Faraday rotators respectively proximate Said first 
and Second cavity ends and compensating for polarization 
drifts. 

4. The optical cavity of claim 1, further comprising a lens 
proximate Said first cavity end and between Said Saturable 
absorber and said fiber. 

5. The optical cavity of claim 1, in which said saturable 
absorber is disposed directly on said first reflector. 

6. The optical cavity of claim 1, in which said gain 
medium comprises a rare earth element. 

7. The optical cavity of claim 6, in which said rare earth 
element is erbium or ytterbium. 

8. The optical cavity of claim 1, in which said pump signal 
injector comprises a wavelength division multiplexer. 

9. The optical cavity of claim 1, additionally comprising 
a polarizer proximate Said Second cavity end. 

10. The optical cavity of claim 1 wherein said saturable 
absorber removes a first percentage of light proximate to one 
end of Said cavity, and Said output coupler removes a Second 
percentage of light proximate to the other end of Said cavity, 
and wherein Said first percentage is less than Said Second 
percentage. 

11. The optical cavity of claim 10 wherein said first 
percentage is between 10 and 60 percent, and wherein Said 
Second percentage is above 60 percent. 

12. An optical cavity for a short pulse modelocked fiber 
laser, comprising: 

first and Second reflectors which are each at least partially 
reflecting, respectively defining first and Second ends of 
Said cavity; 

a fiber including a gain medium disposed between said 
first and Second cavity ends, 

a pump signal injector connected to introduce pump light 
into Said fiber, Said pump light exciting Said gain 
medium to produce a laser Signal; 

a Saturable absorber proximate Said first cavity end, Said 
Saturable absorber inducing modelocking of Said laser 
Signal; and 
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8 
a polarizing output coupler proximate Said Second cavity 

end and outcoupling a portion of Said laser Signal in the 
form of Short output pulses. 

13. The optical cavity of claim 12, in which said polar 
izing output coupler comprises a polarization beam splitter. 

14. The optical cavity of claim 12, further comprising first 
and Second Faraday rotators respectively proximate Said first 
and Second cavity ends and compensating for polarization 
drifts. 

15. The optical cavity of claim 12, further comprising a 
lens proximate Said first cavity end and between Said Satu 
rable absorber and said fiber. 

16. The optical cavity of claim 12, in which said saturable 
absorber is disposed directly on said first reflector. 

17. The optical cavity of claim 12, in which said gain 
medium comprises a rare earth element. 

18. The optical cavity of claim 17, in which said rare earth 
element is erbium or ytterbium. 

19. The optical cavity of claim 12, in which said pump 
Signal injector comprises a wavelength division multiplexer. 

20. The optical cavity of claim 12, in which said pump 
Signal injector introduces Said pump light into Said fiber 
toward Said first cavity end. 

21. The optical cavity of claim 12 wherein said saturable 
absorber removes a first percentage of light proximate to one 
end of Said cavity, and Said output coupler removes a Second 
percentage of light proximate to the other end of Said cavity, 
and wherein Said first percentage is less than Said Second 
percentage. 

22. The optical cavity of claim 12 wherein said first 
percentage is between 10 and 60 percent, and wherein Said 
Second percentage is above 60 percent. 

23. A method of generating Short pulses from a fiber laser, 
wherein Said fiber laser includes (a) a fiber having a gain 
medium, Said fiber disposed between Said first and Second 
cavity ends, (b) first and Second reflectors which are each at 
least partially reflecting, respectively defining Said first and 
Second cavity ends, and (c) a pump signal injector connected 
to introduce pump light into Said fiber, Said pump light 
exciting Said gain medium to produce a laser Signal, com 
prising: 

absorbing a portion of Said laser Signal proximate Said 
first cavity end to modelock said laser Signal; 

connecting Said pump Signal injector to inject Said pump 
light toward Said first cavity end; and 

outputting a portion of Said laser Signal proximate Said 
Second cavity end in the form of Short output pulses. 

24. The method of claim 23, in which said output step 
additionally comprises polarizing Said short output pulses. 

25. The method of claim 23, further comprising compen 
Sating for polarization drifts within Said fiber. 

26. The method of claim 23, further comprising focusing 
Said laser Signal proximate Said first cavity end. 

27. The method of claim 23, additionally comprising 
wavelength division multiplexing Said laser Signal and Said 
pump signal. 

28. The method of claim 23, additionally comprising 
polarizing Said laser Signal proximate Said Second cavity 
end. 

29. The method of claim 23 wherein said absorbing step 
removes a first percentage of light proximate to one end of 
Said cavity, and Said outputting Step removes a Second 
percentage of light proximate to the other end of Said cavity, 
and wherein Said first percentage is less than Said Second 
percentage. 

30. The method of claim 28 wherein said first percentage 
is between 10 and 60 percent, and wherein said second 
percentage is above 60 percent. 
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31. A method of generating Short pulses from a fiber laser, 
wherein said fiber laser includes (a) a fiber having a gain 
medium, Said fiber disposed between Said first and Second 
cavity ends, (b) first and Second reflectors which are each at 
least partially reflecting, respectively defining Said first and 
Second cavity ends, and (c) a pump signal injector connected 
to introduce pump light into Said fiber, Said pump light 
exciting Said gain medium to produce a laser Signal, com 
prising: 

absorbing a portion of Said laser Signal proximate Said 
first cavity end to modelock Said laser Signal; and 

polarizing a portion of Said laser Signal proximate Said 
Second cavity end to output Short pulses from Said 
cavity. 

32. The method of claim 31, further comprising compen 
Sating for polarization drifts within Said fiber. 

33. The method of claim 31, further comprising focusing 
Said laser Signal proximate Said first cavity end. 

34. The method of claim 31, additionally comprising 
wavelength division multiplexing Said laser Signal and Said 
pump signal. 

35. The method of claim 31 wherein said absorbing step 
removes a first percentage of light proximate to one end of 
Said cavity, and Said polarizing Step removes a Second 
percentage of light proximate to the other end of Said cavity, 
and wherein Said first percentage is less than Said Second 
percentage. 

36. The method of claim 31 wherein said first percentage 
is between 10 and 60 percent, and wherein said second 
percentage is above 60 percent. 

37. A method of producing modelocked laser output 
pulses from a fiber laser optical cavity, comprising: 

injecting pump light into Said fiberlaser to generate a laser 
Signal; 

absorbing a portion of Said laser Signal to modelock said 
laser Signal; 

outcoupling a fraction of Said laser Signal to produce Said 
output pulses, and 

distributing optical losses within the cavity by undertak 
ing Said absorbing and outcoupling Steps at opposite 
ends of Said cavity, to enhance the power of Said output 
pulses. 

38. The method of claim 37, in which said distributing 
Step does not Substantially increase the pulse width of pulses 
from the modelocked laser Signal. 

39. An optical cavity for a modelocked fiber laser, com 
prising: 

two reflectors, each at least partially reflecting, Said 
reflectors defining opposite ends of Said cavity; 
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a fiber including a gain medium disposed between Said 

opposite ends of Said cavity; 
an optical element for injecting a pump signal into Said 

cavity, the pump signal exciting Said gain medium in 
Said fiber to produce a laser Signal; 

a Saturable absorber for modelocking Said laser Signal; 
and 

an output coupler for outcoupling a portion of Said laser 
Signal, Said output coupler and Said Saturable absorber 
located within and on Said opposite ends of Said cavity. 

40. An optical cavity as defined in claim 39, wherein said 
output coupler polarizes Said laser Signal. 

41. An optical cavity as defined in claim 40, wherein said 
output coupler comprises a polarization beam Splitter. 

42. An optical cavity as defined in claim 39 wherein said 
optical element injects Said pump signal in a direction away 
from Said output coupler. 

43. An optical cavity as defined in claim 39 additionally 
comprising: 

a pair of Faraday rotators within Said cavity to compen 
Sate for polarization drift. 

44. A method of producing modelocked laser output from 
an optical cavity having a gain medium, comprising: 

amplifying an optical signal in Said gain medium to 
produce an amplified optical Signal; 

directing Said amplified optical signal through a Saturable 
absorber to produce a modelocked optical Signal; 

amplifying Said modelocked optical Signal in Said gain 
medium to produce an amplified modelocked optical 
Signal; and 

outcoupling a fraction of Said amplified modelocked 
optical Signal with a polarizing element. 

45. A method of producing modelocked laser output from 
an optical cavity having a gain medium, comprising: 
pumping Said gain medium with pump light having a first 

direction; 
amplifying an optical signal in Said gain medium to 

produce an amplified optical Signal; 
directing Said amplified optical signal through a Saturable 

absorber to produce a modelocked optical Signal; 
amplifying Said modelocked optical Signal by passing 

Said modelocked optical signal through Said gain 
medium in a direction opposite Said first direction to 
produce an amplified modelocked optical Signal; and 

outcoupling a fraction of Said amplified modelocked 
optical Signal. 


